Objective: To examine the association between consumption of red and processed meat (RPM) and iron intakes and status in adults. Design: Further analysis of the Dietary and Nutritional Survey of British Adults, a cross-sectional study of 2197 adults aged 16 -64 years carried out in 1986/7. Subjects and methods: Adults (836 men and 838 women) with serum ferritin measurements, who were not taking iron supplements, were classified into four groups according to RPM consumption (from 7-day weighed records). Iron absorbed was estimated from equations based on haem and non-haem iron and the influence of iron stores. . Men who ate no RPM also had a higher risk of low iron intake. Using an estimate of minimal values for iron losses, there was a twofold difference in the potential risk of negative iron balance between women non-RPM consumers and high RPM consumers. Status measurements indicated that, among women, anaemia was least prevalent (6%) among high consumers compared with 12 -14% among average RPM consumers. Inverse trends were also observed for serum ferritin in both sexes. Conclusions: Low consumption of RPM has implications for iron intakes and iron status in men and women, since the risk of negative iron balance and its consequences are increased. Dietary messages must consider these implications and provide appropriate advice.
The consumption of red meat appears to be in long-term decline 1 . The consumption of beef has fallen progressively almost every year since 1987, with a larger than usual fall in 1996 following the announcement of a possible link between bovine spongiform encephalopathy (BSE) and new variant Creutzfeld-Jacob disease 2 . Factors such as vegetarianism and the trend for non-meat eating, the quest for greater convenience, and perceived health risks such as cardiovascular disease and cancer may all have contributed to the decline.
A link between red meat and colorectal cancer was originally postulated from work on the carcinogenicity of heterocyclic amines 3 , supported to some extent by epidemiological studies 4, 5 . In 1997, the World Cancer Research Fund (WCRF)'s report on Food, Nutrition and The Prevention of Cancer: A Global Perspective recommended that 'if eaten at all, red meat [should] provide less than 10% of total energy'. The advice to individuals was to 'limit intake of red meat to less than 80 g daily'. However, the quantitative basis for the recommendation to restrict intake to 80 g day 21 was not given 6 .
In 1998, a Working Group report by the Department of Health's Committee on the Medical Aspects of Food and Nutrition Policy (COMA), entitled Nutritional Aspects of the Development of Cancer 7 , concluded that 'lower consumption of red and processed meat would probably reduce the risk of colorectal cancer'. The Working Group recommended that ' [an] individual's consumption of red and processed meat should not rise; that higher consumers should consider a reduction; and as a consequence of this the population average will fall. Adults with intakes of red and processed meats greater than the current average (90 g/day cooked weight) especially those in the upper reaches of the distribution of intakes (above 140 g/day cooked weight) where the scientific data are more robust, might benefit from, and should consider a reduction in intake. It is not recommended that adults with intakes below the current average should reduce their intakes. The wider nutritional implications of any reduction should be assessed . . . Meat and meat products are a valuable source of a number of nutrients, including iron, whose average intake in some sectors of the population is low. ' It is recognised that one of the main disadvantages of reducing the consumption of red and processed meat (RPM) is the potential impact on iron intake and status. Iron is one of the most marginal nutrients in the UK food supply, and women of childbearing age, in particular, are most vulnerable to iron deficiency 8, 9 . The functional consequences of iron deficiency are many, and some of the longterm effects still need to be elucidated. There is a staged process whereby the individual progresses from a position of adequate iron status, through iron deficiency, to irondeficiency anaemia (IDA) 10 . The general symptoms of IDA are tiredness, lack of energy, and poor work performance due to the reduction in circulating haemoglobin (Hb) and other iron-containing enzymes and myoglobin.
Meat is a rich source of haem iron, which has higher bioavailability than non-haem iron. Absorption of haem iron is less affected by enhancers and inhibitors in the diet. It is usually assumed that an individual's iron status depends more on iron stores and the amount of bioavailable iron in the diet than on total iron intake 11, 12 .
Although the COMA report 7 did not specify that adults with intakes below the current average of 90 g day 21 should reduce their consumption, the recommendations from this report and those from the WCRF report have often been communicated as general advice for everyone to eat less RPM 13 . The implications of a decline in RPM consumption on iron intakes and iron status are the focus of this study. We have used the data on British adults in 1986/7 9 to investigate iron intakes and iron status in groups consuming different amounts of RPM, as an indication of the implications of a lower RPM consumption in today's population.
Methods
Subjects and assessment methods in the original survey The Dietary and Nutritional Survey of British Adults (DNSBA) 9 was the predecessor to a new rolling programme of National Diet and Nutrition Surveys (NDNS) jointly funded by the Ministry of Agriculture, Fisheries and Food and the Department of Health. The aim of the DNSBA was to collect dietary and health information on a national sample of adults aged 16-64 years living in households in Britain in 1986/7. Each participant weighed and recorded all items of food and drink, as consumed, over 7 days using the cumulative weighing technique. Detailed descriptions were collected, including type and cut of meat and whether lean or fat; leftovers were also weighed and described. Information was also requested on brands of ready meals and recipes of home-made dishes. Fieldworkers visited frequently during the survey week to deal with any problems. Energy and nutrient intakes were calculated from the food records using a specially constructed nutrient database covering some 5000 foods, including manufactured items and recipes provided by participants.
Approximately 79% of men and women completing diary records consented to provide a non-fasting sample (20 ml) of venous blood for haematological assessment. Blood was collected by qualified medical personnel in the subject's own home and transferred into tubes pretreated with ethylenediaminetetraacetic acid before being sent to the Department of Haematology at Birmingham General Hospital. Haematological measurements were carried out on the commercial Coulter counter system. External validation in the regional quality assurance (EQA) scheme showed no evidence of bias. Serum ferritin was analysed using the routine commercial two-site immunoradiometric assay (Ciba Corning). Assessment of the coefficient of variation and bias indicated that the results were acceptable throughout the survey 9 . We used cut 
Estimation of RPM consumption
The COMA Working Group, in deriving the basis for their recommendations 7 , had used the raw data from the DNSBA 9 to calculate the proportion of RPM in the average diet (90 g day 21 ) . As the individual food code data
were not available to us, a factor was applied to each of the 11 meat-containing food groups ( Iron from RPM and proportions of haem and non-haem iron These were calculated directly from the DNSBA values for the contribution of iron from the 11 meat-containing food groups ( 14 , together with 40% of the iron from poultry. The remaining 60% of iron from meat and poultry and the iron from all other foods was assumed to be non-haem iron. On this basis, haem iron constituted 9% of total iron. This is between the estimate of 10% from the household diet in the late 1970s 15 and 6% from the more recent survey of people over 65 years of age 16 .
S Gibson and M Ashwell 342
Estimation of iron absorbed From the amounts of haem and non-haem iron in the diet (as calculated above) we estimated the amount of iron absorbed (AbFe) by each individual, using algorithms based on the studies of Hallberg et al. 17 and Hulten et al.
18
. These take into account the impact of individual iron stores (as measured by serum ferritin) on the fractional absorption of haem and non-haem iron. We used the same equations for both sexes since men and women have been shown to absorb the same proportion of iron from the diet at the same iron status 17, 18 . The amount of total iron absorbed was then calculated as the sum of the amounts of haem iron and non-haem iron multiplied by their respective absorption.
According to Hallberg's formulae, the relationships between the absorption of haem and non-haem iron and serum ferritin are described by the following equations: These formulae were applied to the DNSBA data for serum ferritin values between 10 and 100 mg l
21
. Below 10 mg l 21 , the absorption of both forms of iron is about 50% and does not increase further. At a serum ferritin level of 100 mg l
, absorption of haem and non-haem iron was 23.5% and 4.1%, respectively. These values are almost identical to the absorption factors quoted by Monsen et al. for women with replete iron stores (23% and 5% for haem and non-haem iron, respectively) 14, 19 . For serum values above 100 mg l 21 absorption was taken to be these minimum values (see Fig. 1 ). Fig. 1 Estimated absorption of haem and non-haem iron according to serum ferritin level (using Hallberg's equations) for men and older women (50 years and over) 20 . These losses comprise 0.86 mg endogenous loss, plus (for women of reproductive age) a menstrual loss equivalent to 0.7 mg Fe day 21 . We used these figures to estimate minimal iron losses in the same manner as that used in establishing the LRNI (i.e. two standard deviations (2SD) below the mean iron loss). This gave us values for minimal losses of 1.092 mg day 21 for women under 50 years and 0.602 mg day 21 for older women and men. We classified the population at potential risk of negative iron balance as the percentage of individuals with estimated absorbable iron (AbFe) below these minimum iron losses.
Estimation of iron requirements (LRNI)

Sample and statistics
This study is based on a sample of 1674 (836 men and 838 women) who had measurements of iron status (serum ferritin). People taking iron supplements were excluded from the analysis. Differences between RPM groups were compared using one-way analysis of variance. Chi-square tests were used for comparison of prevalence, with a test for linear trend where appropriate. Values of P , 0.05 were taken as significant although actual P-values are quoted in the tables.
Results
Iron intakes of groups of men and women according to RPM consumption
The cut-offs chosen were those identified in the COMA report 7 : 90 g day 21 corresponding to average consumption and .140 g day 21 corresponding to high consumption. Not surprisingly, more men than women were classified as high consumers (27% of men vs. 7% of women; Tables 3 and 4) . Iron intakes rose with increasing consumption of RPM (P , 0:0001 among men, P ¼ 0:002 among women) and were more than 15% higher among high RPM consumers (. 140 g day 21 ) than low consumers (,90 g day 21 ).
Prevalence of low iron intakes according to RPM consumption
The report on DRVs 20 defines the LRNI as a theoretical level (2SD below the estimated average requirement) at which 97.5% of individuals are unlikely to be consuming adequate amounts. Therefore, if the percentage of the population who is below the LRNI exceeds 2.5%, this can be taken to indicate a potential shortfall in iron intakes. Applying this reasoning to the subjects in our study, low RPM consumption was associated with a greater risk of low iron intake (Fig. 2) . Women who ate least meat (, 90 g day
21
) had nearly three times the risk of iron intake below the LRNI compared with high consumers of RPM (. 140 g day
) ðP , 0:001Þ: Men who ate no RPM also had a much higher risk of iron intake below the LRNI than those men who ate RPM ðP ¼ 0:005Þ:
Estimation of the amount of iron absorbed The estimation of low iron intake used above is based only on the total amount of iron consumed in relation to theoretical requirements. To gain an estimate of the amount of iron likely to be absorbed we applied the Hallberg equations, which allow for the fact that the percentage of iron absorbed is highly dependent on iron stores, to our data (see Methods). According to these equations, the women in our study (who tend to have lower levels of serum ferritin than the men) were estimated to absorb (on average) 18% of the total iron consumed, while the men in our study absorbed on average 9% of total iron consumed (Table 5 ). However, both values differ markedly from person to person depending on the state of iron depletion.
Estimation of potential risk of negative iron balance
The estimates of iron absorbed were then compared with estimated minimal iron losses in the groups (see Methods). We classified the population at potential risk of negative iron balance as the percentage of individuals with estimated AbFe below these minimal iron losses. This provides a rough indication of the extent of negative iron Fig. 2 Prevalence of low iron intake (percentage below Lower Reference Nutrient Intake (LRNI) for iron) by red and processed meat (RPM) consumption level (P ¼ 0:005 for men, n ¼ 836; P , 0:001 for women, n ¼ 838) balance in the population, although clearly it cannot indicate negative iron balance in any individual, whose requirement is unknown. The risk of negative iron balance was inversely related to RPM consumption, in both men and women (Fig. 3) . Stratification by age group (under 50 vs. 50 years and over) showed that this was not an artefact of a difference in age distribution (and iron requirements) between RPM groups (Table 6 ).
Iron status according to RPM consumption
The direct association between RPM consumption and iron status was examined using the serum measurements of Hb and ferritin at various cut-offs. There were downward trends (reducing prevalence of low iron stores or anaemia with increasing RPM) for most status cut-offs although some failed to reach statistical significance. Among women, for example, there was a tendency towards low ferritin levels with reduced consumption of RPM. Anaemia was significantly more common among women non-consumers (38%) and low RPM consumers (12%), compared with high consumers (6%) (P ¼ 0:009 for linear trend). Among men, the prevalence of borderline iron stores (serum ferritin , 25 mg l 21 ) was twice as high among low consumers as among high consumers of RPM (7% vs. 3%; P ¼ 0:011) ( Table 7) .
Discussion
Considerations of assumptions made in our study
Until the publication of the new NDNS of adults in 2003, the survey used for this study (DNSBA) 9 remains the most recent nation-wide dietary survey of individuals aged 16-64 years in Britain. Using these data we have shown that RPM consumption estimated from 7-day records is positively associated with both iron intake and iron status. We have suggested that the enhanced absorption that arises from low iron stores is not adequate to satisfy the iron requirements of some, and that the potential risk of negative iron balance is more pronounced in men and women who eat little or no RPM. Furthermore, actual measurements of iron status in this population support the conclusion that a significant reduction in red meat consumption could exacerbate the problem of poor iron status, particularly for women of reproductive age.
Due to the detailed nature of dietary recording, misreporting is a potential problem in all such surveys and could have an impact on the recorded intake of all dietary constituents, resulting in an underestimation of RPM and iron intakes. However, misreporting is unlikely to affect the validity of our conclusions adversely, because (1) the estimation of RPM was used merely to classify individuals into four groups and (2) the dietary guidelines for iron rely heavily on data from such surveys and therefore are also prone to bias in the same direction. Misclassification of people who ate more or less red meat than usual during the survey week would reduce the power of the survey to detect associations with iron status, rather than producing a spurious positive result. Our estimates of haem and non-haem iron intake are proportions of the DNSBA data on iron intake and are consistent with the values of other studies 15, 16 . Errors arising from under-or overestimation of the haem iron content of different meat-containing food groups would have only a small effect on the estimates of absorbed iron because (1) 60% of the iron in meat is non-haem and (2) the distinction between the absorption of haem and non-haem iron reduces as iron status becomes more critical (serum ferritin , 25 mg l 21 ). Since a substantial proportion of women have serum ferritin values in this range, our results are likely to be less prone to this source of error and thus more reliable for women than for men.
Ideally, to estimate iron absorption, one should evaluate the enhancing and inhibiting effects of other dietary components within the meal. Indeed, others have recently attempted to derive absorption algorithms that are more sophisticated than used here and predict the absorbable iron from mixed diets 21, 22 and meals 21, 23 . Owing to the limited nature of data in the public domain in this survey, our estimate could not adjust for the effects of components that enhance or inhibit iron absorption within the meal, although it did account for two prime influences: the form of iron (haem or non-haem) and the iron status of the individual. Reassuringly for the present study, Hallberg and Hulthen have since reported that iron absorption estimated using these formulae is not significantly different from that calculated from the individual meals consumed 21 . In any event we believe that such formulae represent an advance on the uniform bioavailability factor of 15% used in the DRV report 20 and elsewhere 24 . We have drawn heavily on the data and calculations used by the Department of Health in 1991 20 for our Fe. In women of reproductive age, there are additional iron losses due to menstruation. There are few published data on menstrual blood loss in the UK and the current DRVs were based on measurements of mean menstrual blood loss of 43 ml obtained from a Swedish study carried out in the 1960s 26, 27 . It was reported that blood loss could range from a few millilitres to 400 ml per period. There is a marked variation in menstrual blood loss between different women 28, 29 , but it is relatively constant in an individual woman throughout fertile life 26 . Since this time, the increased use of oral contraceptives may have reduced average blood losses and hence iron requirements 30 . A recent, as yet unpublished UK study 31 has generated data from direct measurements of menstrual blood loss and has suggested that it may, indeed, be slightly less now. They studied 90 women aged between 18 and 45 years and found a mean blood loss of 31 ml (range 1-129 ml). The trend was for women using oral contraceptives to have a lower menstrual blood loss than non-users of oral contraceptives. The fact that menstrual losses and hence iron losses are actually lower than those assumed by COMA justifies our conservative approach of calculating the proportion of subjects at potential risk for negative iron balance on the basis of minimal blood losses.
Other studies reporting an association between meat consumption and iron status Several studies in other countries have shown the beneficial effect of meat eating on iron status in adults. Premenopausal American women were split into three groups based on their habitual consumption of red meat, fish and/or poultry or lacto-ovo vegetarian sources of protein. No differences were seen in total iron intake but those women consuming red meat as their predominant source of protein demonstrated superior iron status, especially reflected by higher serum ferritin concentrations. These authors concluded that the form rather than the amount of dietary iron appeared to be most influential on iron status 32 . Another study divided young Spanish women on the basis of their meat consumption (above or below 100 g day 21 ) and concluded that because high meat consumers showed higher levels of Hb, restriction of meat and meat products could have negative repercussions on the nutritive status and health of certain groups within the population, particularly young females 33 . A study of Dutch adults showed that iron status was correlated negatively with the vegetable fraction of the diet, and positively with factors from the animal fraction (haem iron, animal protein, meat) 34 . Meat was also one of the factors affecting the concentrations of serum ferritin in healthy Australians 35 . Serum ferritin was positively correlated with meat, fish and total iron intake in a national sample of adults living in France and participating in the SU.VI.MAX cohort 36 . Low meat/fish/poultry intake was also shown to be the dietary factor that correlated best with mild iron deficiency in premenopausal adult New Zealand women 8 .
Implications of reduction in red meat consumption
The data on low RPM consumers (, 90 g day 21 ) provide one scenario of the impact of truncating the distribution of RPM consumption to a maximum of 90 g day 21 .
In practice, a continuation of the trend away from red meat will not merely truncate the distribution but shift it to the left, resulting in an increased number of 'new' non-RPM eaters (who may substitute poultry and fish for RPM) and an increased number of 'true' vegetarians. Our method can only model the effect by comparing groups with different RPM status. How then do our results compare to studies that have examined the iron status of 'true' vegetarians and omnivores? Some studies suggest that long-term lacto-ovo vegetarians and female vegans, even with a high fibre (and hence phytate) intake, generally have a similar iron status to omnivores 37, 38 . However, most studies indicate that vegetarians have reduced iron stores (as measured by serum ferritin levels) 39 -42 . Some studies 42, 43 have found evidence of lower Hb levels among vegetarian children, although in Nelson et al.'s study this was only true among white vegetarian girls, and not of their Asian counterparts 44 . Importantly, these differences in iron status did not appear to be explained by lower iron intakes, which were either similar between vegetarians and omnivores 41 -43 or, in one case, higher among vegetarians 45 . The authors suggested dietary advice was needed to ensure optimal absorption of iron.
These inconsistent conclusions probably reflect three issues. First, the term vegetarianism covers a wide range of dietary practices and people often define themselves as vegetarian when they actually eat meat, such as ham, occasionally. Second, the inconsistency could reflect the different degrees to which vegetarians make a conscious effort to ensure their diets contain an adequate amount of iron. Some vegetarians have a dietary pattern with a balance of fruit, vegetables, pulses and nuts; some choose to take iron supplements, others do neither of these. Third, the inconsistency of conclusions on whether vegetarianism results in iron inadequacy could reflect the body's longterm capacity to adapt to lower iron intakes by increasing absorption. Vegetarians of longer standing would be expected to have better iron status than new vegetarians.
Our comparison of people who eat different amounts of RPM might give a truer picture of the implications of reduced intake of RPM on iron inadequacy than comparisons of vegetarians and omnivores. If omnivores simply decide to eat less RPM because, say, they are worried about BSE or colon cancer, they are less likely to make any conscious efforts to ensure iron status and so they might be more at risk from iron inadequacy than more dedicated life-long vegetarians.
In our modelling techniques, we have taken into account two of the most important determinants of iron absorption: the amount of haem versus non-haem iron, and the host-related increase in iron absorption with poorer iron status. Our results, although based on estimates of iron absorption, indicate that the increased absorptive efficiency in those with low iron stores is still likely to be insufficient to supply the iron needs of a small but significant proportion of young women.
Trends in meat intakes
Data from the National Food Survey suggest that carcass meat intakes may have fallen by 20% since 1989 and that most of the decline in the consumption of carcass meat can be explained by a fall in the consumption of beef and veal 1 . The rise in consumption of poultry and fish is insufficient to compensate for this trend. This information on the decline in household meat purchases is backed up by results from the Food Standards Agency survey of consumer attitudes 46 , which showed that 19% of respondents said they ate less meat than a year ago, an increase of 3% over the previous year. A new dietary survey of UK adults was undertaken in 2001 and results will be available in 2003. It is likely that intakes of haem iron will have fallen substantially since 1986/7 and that low iron status in certain population groups will be more evident. Dietary messages need to take account of these trends and provide appropriate advice, which might include emphasising the value of meat as a source of readily available iron and communicating the importance of enhancers and inhibitors of absorption of non-haem iron.
